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Introduction
Due to their peculiar excited-state dynamics, metal-polypyridine complexes are extensively used in photochemical applications, such as solar energy conversion [1] [2] [3] . These complexes, of which ruthenium tris-bipyridine ([Ru(bpy) 3 ] 2+ ) is considered the prototype, exhibit a visible absorption band due to the singlet metal-to-ligand charge transfer ( 1 MLCT) state. The principle of the dye sensitized solar cells (DSSCs) is based on the use of such metal-based molecular systems, of which the RuN3 ([Ru(dcbpyH 2 ) 2 (NCS) 2 ]) dye is the most popular, adsorbed onto a semiconductor substrate (usually TiO 2 ). Upon excitation of the 1 MLCT state, injection of an electron into the substrate occurs [4] . A central issue for the efficiency of dye-sensitized solar cells is the detailed understanding of the mechanisms and time scales of electron injection. Much effort has been devoted to this aim in the past 15 years, mainly using nanosecond to femtosecond transient absorption spectroscopy in the visible, near-IR, and mid-IR spectral regions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Overall, it was concluded that injection spans several time scales, ranging from a few tens of femtoseconds from the Franck-Condon accessed state to several picoseconds from the 3 MLCT state, which is populated by intersystem crossing (ISC) from the 1 MLCT state. A detailed understanding of the initial events at the Franck-Condon state requires a description of the ultrafast intramolecular processes occurring in the 1 MLCT state. For this purpose, ultrafast fluorescence studies have proven very insightful. Ultrafast time-gated fluorescence is ideal to investigate the evolution of excited molecules because it involves only the ground, the initially excited state and lower lying excited states eventually populated from the latter. On the other hand, transient absorption contains several overlapping contributions due to ground state bleach, excited state absorption and stimulated emission, which sometimes complicate the analysis. Bhasikuttan and Okada reported the first femtosecond fluorescence measurements at single emission wavelengths of the RuN3 dye in ethanol with a resolution of 130 fs [18] . They derived a decay of $40 fs of the fluorescence at 600 nm, which they attributed to intersystem crossing and internal conversion. They also noted a lengthening of the decay time towards longer emission wavelengths. As pointed out by them, the limited data available under such conditions did not allow getting a full picture of the ultrafast relaxation kinetics. In addition, their laser source ran at a repetition rate of 82 MHz (period 12 ns), while the 3 MLCT lifetime of RuN3 in ethanol is 59 ns [4] , which may cause build-up problems due to reexcitation of the excited state by subsequent pulses.
We recently reported polychromatic time-resolved fluorescence studies with a time resolution of $100 fs allowing us to record the entire emission profile of the system at a given time delay after excitation [19] [20] [21] . We presented results on [Ru(bpy) 3 ] 2+ [22] and [Fe(bpy) 3 ] 2+ [23] , which allows us to explore the effects of molecular geometry on the ultrafast relaxation dynamics of this class of molecules.
Experimental procedures
The experimental set-up is described in details in Refs. [19] [20] [21] , and we just present its features of relevance here. Briefly, the sample was either excited by 400 nm pulses (typical width 60 fs, power 80 nJ/pulse, focal spot 30 lm (FWHM), at repetition rates of 150-250 kHz) or between 480 and 700 nm from an optical parametric amplifier (OPA) system (Coherent, OPA-9400, typical width 70 fs, power 80 nJ/pulse, focal spot 30 lm (FWHM), at repetition rates of 150-250 kHz). The emission, collected in forward-scattering geometry, was up-converted in a 250-mm thick b-barium borate (BBO) crystal by mixing it with a gate pulse at 800 nm. The up-converted signal was spatially filtered and detected with a spectrograph and a liquid-N 2 -cooled charge-coupled device (CCD) camera in polychromatic mode. Appropriate Schott filters (Schott Glass Technologies) were used to attenuate the remaining excitation light. This greatly improved the signal-to-noise ratio but limited the detectable spectral range to a region starting 40 nm after the excitation wavelength up to 690 nm. The time resolution of the setup is $100 fs, as measured by the FWHM of a kinetic trace of the Typical data acquisition times for all up-conversion measurements were of the order of half an hour for one scan, the scans were repeated up to 10 times and then averaged. The data were analyzed by performing a global fit (GF) of kinetic traces averaged over 5 nm steps using Eq. (1):
in which we assume two characteristic times (s 1 , s 2 ) for the emission decay. The Gaussian term describes the convolution with the instrument response function (IRF), where D IRF and t 0 are its fwhm and the time zero, respectively. In the GF procedure, the time constants have been considered as common kinetic parameters at all wavelengths, whereas the amplitudes A 1 and A 2 have been determined for each wavelength. In order to reconstruct the timeintegrated spectrum associated to each time constant obtained, we multiplied the pre-exponential factors A 1 and A 2 by the respective decay times and plotted them as a function of wavelength.
Results and discussion
Fig . 1 shows the steady state absorption spectra and the previously reported fluorescence spectra at zero time delay of the [Ru(bpy) 3 MLCT state and in particular, in the 400 nm region [26] [27] [28] . Finally, the low energy tail of the absorption band is clearly due to a weak absorption of the 3 MLCT states (below 20,000 cm À1 for the Ru complex [28] and 17,500 cm À1 for the Fe one). In Fig. 1 , the time zero fluorescence exhibits a quite similar absorption-emission Stokes shift for both complexes with, as already mentioned, a near-mirror image with respect to the absorption spectrum, as expected for a vibrationally cold emission, despite the fact that we excite high vibrational levels (m = 2 and 4, respectively) of the high frequency 1607 cm À1 mode, which makes up the dominant progression of the absorption band (Fig. 2) , as well as higher lying electronic states. To further clarify this behaviour, we measured the fluorescence spectra at t = 0 as a function of excitation energy, thus allowing us to deposit different amounts of excess vibrational energy in the excited electronic state. This was only possible for [Fe(bpy) 3 ] 2+ because its absorption band best matches the range of excitation wavelengths available with our set-up. along with its decomposition [23] using the progression of the high frequency Franck-Condon (FC) mode at 1607 cm À1 with a HuangRhys factor S = 0.8, whose bands are represented by Gaussian line shapes. As already mentioned this description of the absorption band is not complete as it overlooks the fact that other electronic states make it up, but it is a useful starting point for the discussion of our observations. The different pump wavelengths used to excite the system are indicated by arrows. The highest excitation frequency used here is close to the position of the v = 4 vibrational level of the FC mode, while the others excite the v = 0 and v = 1 levels. The corresponding emission spectra at t = 0 are also shown. Over the detection range allowed by the corresponding excitation cut-off filter, they clearly show no excitation wavelength dependence. Also to note is the slight disagreement that is observed around 18,000 cm À1 where partial re-absorption (sample-dependent, but always 625%) of the emitted fluorescence occurs due to the red wing of the absorption band. In all cases the decay of the 1 MLCT fluorescence is found to occur in 630 fs, as previously reported under 400 nm excitation and shown to be due to an ultrafast intersystem crossing to the 3 MLCT state [23] . Note that the mirror symmetry of the t = 0 emission for [Ru(bpy) 3 ] 2+ ( Fig. 1 ) is also consistent with the lack of excitation wavelength dependence seen in Fig. 2 , since the 400 nm excitation corresponds to the v = 2 level in the former. Together with Fig. 1 , this confirms that the 1 MLCT fluorescence is vibrationally relaxed on ultrashort time scales. This implies that the time scale of such a relaxation must be significantly shorter than 30 fs. We stress that the concept of a ''cold'' 1 MLCT fluorescence is with respect to the high frequency Franck-Condon mode making up the main progression in absorption (Fig. 2) , but the excess energy is redistributed in lower frequency modes. 2+ [23] it turns out that most of the I H (E) emission intensity ($65%) is concentrated in the ''hot'' region E H > 19,000 cm À1 , higher than the centre of gravity of our signal. Hence, to be consistent with the observed Stokes-shifted fluorescence, such an initially prepared hot state must be (incoherently) depopulated in a time scale s H , leading to a ''cold'' (C) emitting state with emission I C (E) that subsequently decays in s ISC . Since both s ISC and s H are significantly shorter than the 100 fs IRF, the dynamics is pulse-limited, meaning that time-zero populations of H and C will be basically proportional to s H and s ISC , respectively.
We can thus express the normalized fluorescence line shape as a weighted combination of hot and cold emission line shapes:
[s H I H (E) + s ISC I C (E)], namely s H /(s H + s ISC ) corresponds to the weight of the ''hot'' contribution to the whole line shape. Since I H (E) is negligible in the region E C where the signal peaks, and since I C (E) is negligible in the E H energy region, the last expression implies that s H $ R
À1
s ISC within a factor of the order of unity (basically corresponding to the width ratio between the line shapes I C (E) and I H (E)).
The ratio R can be assessed by comparing in Fig. 2 [22, 23] . At cryogenic temperatures, the line width was observed to be 400-500 cm À1 [26] , which would correspond to a lifetime of 10-15 fs, assuming a fully homogenous lifetime broadening mechanism. While the observed 1 MLCT fluorescence stems from a ''cold'' electronic level with respect to the high frequency Franck-Condon mode, we remark again that energy has been redistributed among optically silent lower frequency modes, since cooling of the molecule by the solvent is unlikely to occur within such a short time scale. The high local temperature of the molecule after IVR should lead to a structureless fluorescence at early times, as opposed to the vibrational structure that shows up in absorption. Such a broadening of bands at time zero and their narrowing at later times was for example clearly visible in our fluorescence up-conversion study of the 2,5-diphenyloxazole (PPO) dye in cyclohexane [21, 30] . This does not occur here because the 1 MLCT lifetime is too short to allow for the manifestation of cooling. The above estimate of 610 fs for the dynamical Stokes shift is significantly shorter than any solvation times [31] . However, given the measurable solvent effects on the absorption spectrum (see e.g., Ref. [32] for the case of [Ru(bpy) 3 ] 2+ ), we nevertheless explored their possible influence in the initial intramolecular relaxation. Fig. 3 shows the 2D time-wavelength plots of the emission of [Ru(bpy) 3 ] 2+ excited at 400 nm in various solvents. They all feature a short-lived singlet emission band centred around 500-525 nm, and a longer lived 3 MLCT emission centred around 600-650 nm, as previously reported [22] . Except for minor spectral shifts between the different solvents, their dynamics are clearly identical. Given that the used solvents differ significantly in their dielectric constants, we can safely conclude that the dynamics at ultrashort times is entirely governed by intramolecular processes. Note that, as previously reported for the water solvent [22] , the 3 MLCT phosphorescence is already within the first 100 fs at its steady state energy in all solvents.
Because RuN3 and RuN719 are asymmetric compared to [Ru(bpy) 3 ] 2+ , we explored the effects of molecular geometry on the intramolecular dynamics of metal-polypyridine complexes, focusing on RuN719. The static absorption spectrum of RuN719 features two 1 MLCT bands (Fig. 4) located at 500-530 nm and 375-385 nm.
Excitation into these bands leads to the steady-state phosphorescence spectrum that peaks at 740-780 nm (Fig. 4) . Both absorption and phosphorescence spectra exhibit clear solvent effects with ethanol and acetonitrile having rather similar features while water clearly stands out. This was analyzed by Fantacci et al. [33] using a combined Density Functional/Time Dependent Density Functional approach. The blue shift in water compared to ethanol was related to a decreased dipole moment in the excited state. The time-wavelength plots of the ultrafast fluorescence of N719 in water, ethanol and acetonitrile excited at 400 nm are also shown in Fig. 4 . Because of the fast photo-aggregation on the walls of the flow cell, the integration time used in EtOH and ACN was shorter than in H 2 O, leading to a poorer signal to noise ratio. The behaviour of RuN719 appears to be qualitatively identical to what is observed above in [Ru(bpy) 3 ] 2+ (Fig. 3) : the dominant signal in all solvents is the fast-decaying pulse-limited fluorescence around 550-575 nm. The 3 MLCT phosphorescence is not measured in this case since it falls outside our detection region. Fig. 5 shows the static absorption spectra and the time-zero fluorescence spectrum on the same energy scale. The latter is strongly Stokes-shifted and mirror symmetric with respect to the first absorption band around 18,000-20,000 cm
. This points to an ultrafast internal conversion (IC) from the upper to the lower 1 MLCT state, followed by ultrafast IVR in the latter. Both IC and IVR takes place on a time scale significantly shorter than the fluorescence lifetime (630-45 fs, see below). Overall, these results (and those for RuN3 in EtOH, not shown here) infer that also for RuN719 and RuN3 the short time dynamics is dominated by intramolecular relaxation (IVR/IC) faster than ISC and that fluorescence arises from a ''cold'' state. In conclusion, IVR/IC processes occur on similar ultrafast time scales for all Ru-complexes studied here, suggesting a weak influence of the nature and symmetry properties of the ligands coordinating to the central atom.
More information on the decay kinetics of RuN719 and RuN3 can be obtained by a detailed analysis of their kinetic traces. In Fig. 6 , we show these for different emission wavelengths and the time-gated emission spectra at different time delays of [Ru(bpy) 3 ] 2+ , RuN719 and RuN3, which are extracted from 2D timewavelength emission plots (i.e., those of Fig. 4 for RuN719, and of Ref. [22] for [Ru(bpy) 3 ]
2+
). These traces include the solvent Raman line in the region around 460 nm, which serves as a cross-correlator. It can be seen that the kinetic traces on the blue wing of the fluorescence overlap quite well that of the Raman line, but exhibit a longer decay than the latter, as already reported for [Ru(bpy) 3 ] 2+ [22] and shown to be due to the ultrafast decay (in 630 fs) of the 1 MLCT state by intersystem crossing to the 3 MLCT state. The overall behaviour of RuN3 and RuN719 appears to be quite similar. By convoluting with the cross-correlation time of our experiment MLCT emission as already discussed in Ref. [22] . See also figure S2 where the emission spectra are normalized to 510 nm, highlighting the longer lived red emission in RuN719 and [Ru(bpy) 3 ] 2+ . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) ($110 fs), fits of the kinetic traces at 500 nm (corresponding to the range of the 1 MLCT emission free from longer-lived contributions, see Fig. 7 ) yield decay times of 630 fs for RuN719 and 645 fs for RuN3, in good agreement with Ref. [18] . However, in all three dyes the decay becomes longer for longer detection wavelengths. For example, in the case of RuN3 the fit gives a time constant of $60 fs for the trace at 600 nm, wavelength at which Sundstrom and co-workers [13] reported a $70 fs lived stimulated emission signal in their transient absorption studies. As this value does not reflect the lifetime of the 1 MLCT at maximum, it may be due to longer-lived lower lying 1 MLCT states or a weak contamination by the 3 MLCT emission, which for RuN3 is peaked at $800 nm [18] . For reasons discussed below, we believe that the first option is more likely.
To further investigate the nature of this longer component in RuN719 and RuN3, we performed a global fit analysis of the 2D time-wavelength plot of RuN719 in water, which was chosen because it has the best signal to noise ratio. The result yields two different decay times, corresponding to different spectral components shown in Fig. 8 , is quite remarkable given the large amount of energy it represents, and the fact that we are dealing with sub-vibrational time scales, since the highest frequency optically coupled (FC) mode has a period of $20 fs (1607 cm À1 ). As a matter of fact, if the system is thought of as a damped classical oscillator, the 10 fs decay time would be associated with a damping ratio as high as $0.2, corresponding to $90% energy loss within the first oscillation.
As already discussed, the appearance of a mirror-like (with respect to absorption) fluorescence at t = 0 is due to IC and IVR processes causing an ultrafast departure from the initially excited vibronic level(s). This occurs in the same fashion in Fe-and Rucomplexes and, for the latter, it is influenced neither by the ligands, nor by the solvent. Furthermore, this behaviour appears to be quite general, since it has been observed in other metal complexes [35, 36] , in the case of organic dyes [30, [37] [38] [39] , and even of chromophores in proteins [19, 40] . The ultrafast IC may involve conical intersection among the manifold of electronic states, but also and as mentioned above, the excess energy is redistributed among lower frequency modes that are optically silent. Finally, the ultrafast relaxation down the manifold of 1 MLCT states repeats itself in the 3 MLCT manifold after the intersystem crossing as witnessed by the fact that the phosphorescence of [Ru(bpy) 3 ] 2+ shows up within 100 fs or so at the same position as in the steady-state spectra [22] . The presence of a weak 3 MLCT absorption on the red edge of the 1 MLCT absorption (Figs. 1 and 4) , and the fact that the latter has an absorption coefficient that is one order of magnitude smaller that of organic dyes with pure singlet states, suggest that the singlet and triplet MLCT states are strongly mixed. Yet, it is quite remarkable how clearly distinguishable the bands are that are associated to these two classes of states in all emission spectra. It is possible that the IC occurs among the manifold of spin-mixed MLCT states and that part of the population ends up at the bottom of the predominantly 1 MLCT manifold, while the rest is already in the predominantly 3 MLCT manifold, although the previous [22, 23] and present results seem to hint to a relaxation cascade that first takes place among predominantly 1 MLCT states and then intersystem crosses to the 3 MLCT manifold. The above observations have a direct incidence on the functioning of DSSCs, since injection from the Franck-Condon accessed state [16, 17] must compete with the ultrafast departure from it due to intramolecular processes such as IC and IVR on a sub-10 fs time scale. This aspect is discussed in a forthcoming paper presenting fluorescence up-conversion studies of DSSCs [41] .
